ABSTRACT: This paper describes the design and performance of a 50 liter, two-segment 6 Li-loaded liquid scintillator detector that was designed and operated as prototype for the PROSPECT (Precision Reactor Oscillation and Spectrum) Experiment. The two-segment detector was constructed according to the design specifications of the experiment. It features low-mass optical separators, an integrated source and optical calibration system, and materials that are compatible with the 6 Li-doped scintillator developed by PROSPECT. We demonstrate a high light collection of 850±20 PE/MeV, an energy resolution of σ = 4.0±0.2% at 1 MeV, and efficient pulse-shape discrimination of low dE/dx (electronic recoil) and high dE/dx (nuclear recoil) energy depositions. An effective scintillation attenuation length of 85±3 cm is measured in each segment. The 0.1% by mass concentration of 6 Li in the scintillator results in a measured neutron capture time of τ = 42.8±0.2 µs. The long-term stability of the scintillator is also discussed. The detector response meets the criteria necessary for achieving the PROSPECT physics goals and demonstrates features that may find application in fast neutron detection.
photon statistics [4] . Moreover, scintillators with high light yield and detectors with correspondingly high collection efficiency and resolution are crucial for new precision neutrino experiments where a detailed measurement of the energy spectrum shape is desired.
Homogeneous ton-scale detectors are unable to fully capture γ-ray cascades induced by neutron captures on Gd (see, Ref. [5] ) , a common dopant utilized by large reactor experiments such as Daya Bay [6] , Double Chooz [7] , and RENO [8] . 6 Li-loaded liquid scintillators ( 6 LiLS) are an ideal detection medium for compact detectors because the energetic, heavy ion products from neutron captures on 6 Li, n + 6 Li → α + t+ 4.78 MeV, have a range of ∼100 µm. This reduces the amount of spatial variation in the neutron capture tagging efficiency. Small 100 ml-scale 6 LiLS PSD detectors have recently been developed within the neutron physics community to determine neutron detection efficiencies [9, 10, 11] . Larger segmented 6 LiLS detectors are not widely used within neutrino physics, with the notable exception of the Bugey-3 reactor neutrino experiment [12] . Thus, there is a need to understand the feasibility of segmented neutrino detectors based on 6 LiLS.
The PROSPECT experiment uses a segmented 6 LiLS detector volume as both the target and detection medium to observe reactor antineutrinos from the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL) [13] . PROSPECT will address the reactor antineutrino flux anomaly [14, 15] and the reactor spectrum anomaly [16, 17, 18] by searching for eV-scale sterile neutrinos and precisely measuring the 235 U antineutrino energy spectrum. The 4-ton 6 LiLS detector is optically divided into an 11×14 array read out on both ends by photomultiplier tubes (PMTs). As PROSPECT will operate with minimal overburden, a targeted shielding package consisting of layers of hydrogenous material, borated polyethylene, and lead has been designed. In addition, active background suppression from PSD and segmentation work to reject cosmogenic and reactor-related backgrounds. To maximize background rejection and meet the physics goals of PROSPECT, excellent light collection and energy resolution are required.
In operation at Yale Wright Laboratory, PROSPECT-50 is a two-segment, 50 liter prototype. Each segment measures 117.6×14.5×14.5 cm 3 and contains an active 6 LiLS volume of 25 liters. The detector was built with production parts to model the PROSPECT low-mass optical lattice and inner-detector calibration access. Materials were chosen to be compatible with the 6 LiLS. We report the light collection, energy resolution, and PSD capabilities of the detector. The effective attenuation length of the 6 LiLS, position reconstruction, and neutron capture time are also studied. A discussion of the long-term stability of the 6 LiLS is provided. The PROSPECT-50 prototype demonstrates the feasibility and performance of a large-scale 6 LiLS segmented detector.
6 Li-loaded liquid scintillator
Scintillation light in organic scintillators is produced by a series of molecular transitions induced by ionized valence electrons. Depending on the particular scintillator, this fluorescence can be composed of multiple radiative lifetimes between excited singlet and triplet states [19, 20] . The ratio of the prompt to delayed light is highly correlated to the stopping power dE/dx of the primary ionizing particle, which can be translated via a detection system into waveforms with different charge integrals in the signal tail. Low dE/dx (electronic recoil) and high dE/dx (nuclear recoil) energy depositions can then be distinguished via the simple metric:
where Q f ull is the integrated charge in the full waveform and Q tail the integrated charge in the tail of the waveform defined to optimize the discrimination between ionizing particle types. PSD capabilities of a scintillator detector can be improved with an increase in detected photons, improving the counting statistics. However, in detectors where geometry plays a significant role in the light collection mechanism, the number of scatters (due to reflective wall material) can also affect the PSD performance, as studied in Ref. [4] . Neutrino detectors that require event localization and uniform IBD identification efficiency can be improved with the addition of a 6 Li-dopant to the scintillator as discussed in Section 1. Previous 6 Li-loaded scintillators used for IBD detection of reactor antineutrinos were pseudocumene based [21] . However, these organic scintillators are toxic with low flash points and undesirable from a health and safety perspective for deployment near nuclear reactors. Through an extensive R&D program, PROSPECT has developed a non-toxic, non-flammable 6 LiLS based on EJ-309 from Eljen Technology [22, 23] . A surfactant is added to allow the loading of an aqueous 95%-enriched 6 LiCl solution in a dynamically stable microemulsion. The final 6 Li concentration is 0.1% by mass. A detailed study of microemulsion stability in 6 LiLS can be found in Ref [24] . This process reduces the light yield of the EJ-309 by ∼30% to 8200±200 photons/MeV, as shown in Figure 1 . The light yield and optical properties of scintillating organic solvents can be negatively affected by chemical interactions with the surrounding environment, such as detector materials or air near the detector liquid surface [25, 26] . Through extensive compatibility testing, appropriate detector materials and operating environments have been determined for the PROSPECT 6 LiLS. Acrylics, PTFE, FEP, PLA, Viton, PEEK, and selected acrylic cements did not degrade the optical properties of the scintillator or the materials themselves, and were exclusively used in all locations in contact with the 6 LiLS. Cast acrylic, Viton, PEEK, PTFE, and FEP were found to maintain structural integrity over extended time periods in the presence of the PROSPECT 6 LiLS. At relatively low stress levels, extruded acrylic and PLA also maintained structural integrity. In PROSPECT vial tests, a nitrogen gas cover blanket was shown to reduce oxygen quenching and improve PSD, in agreement with the literature [27, 28, 29] . These results have informed the design of the PROSPECT detector and PROSPECT-50.
PROSPECT-50 detector design
PROSPECT-50 consists of two full-scale PROSPECT 6 LiLS optical segments supported in an acrylic vessel inside of an aluminum secondary containment tank shielded by lead and borated polyethylene, as illustrated in Figure 2 . Along with characterizing the scintillator performance, the detector has served as a testbed for the fabrication and operation of various subsystems that have been implemented in the PROSPECT detector, which are described below.
Optical modules
PROSPECT uses a total of 308, 12.7 cm (5 in)-diameter hemispherical Hamamatsu R6594 [30] and Electron Tubes Ltd 9372 [31] photomultipler tubes. We designate these as HPK and ETL PMTs, respectively, in the remainder of this article. Both PMT types are used in PROSPECT-50 to provide a relative characterization of their performance. The PMTs use tapered voltage dividers to preserve linearity over a wide dynamic range. Each PMT is housed in an acrylic enclosure filled with mineral oil to provide optical coupling to the scintillator volume, referred to as PROSPECT optical modules (POMs). As shown in Figure 3 , the assembled POMs are positioned directly in the liquid volume, and the exteriors are constructed of 6 LiLS-compatible materials. The walls of the POMs are made from opaque white acrylic to minimize crosstalk between adjacent segments, while the front windows are made from UV-transmitting acrylic to maximize the transmission of the scintillation light. The backplate of the POM is made liquid-tight via Viton O-rings. PEEK plugs seal the penetrations needed for exit of the PTFE-coated signal and high voltage cables. The interior of each POM is outfitted with an acrylic frame to support the PMT with a Hitachi Finemet magnetic shield [32] (not shown in . A truncated conical reflector, laser-cut from thin acrylic sheet and then coated with 3M DF2000MA [33] specular reflector film, is used to concentrate incident light onto the PMT photocathode. Slightly different shapes are employed for the two PMT types to optimize light collection given the manufacturer-specified photocathode dimensions.
Optical lattice
As noted above, the single-volume 6 Li-loaded liquid scintillator target in the PROSPECT detector is optically divided into 154 identical segments. The segmentation of the detector is achieved by 1.5 mm thick optical separators designed to reflect scintillation light to the POMs with limited crosstalk. These separators are built of multiple layers of material. High-gloss carbon fiber sheet is used as a backbone and provides the required rigidity and flatness. Specular reflector film is laminated on either side of the carbon fiber sheet and enclosed in a thin heat-bonded FEP film package to ensure compatibility with the 6 LiLS.
Pinwheel slots Figure 4 : Photograph of a partial optical lattice viewed by an installed optical module. The white pinwheels line the edges of the optical separators and join the adjacent separators (three shown). Some pinwheel slots that hold the separators in place are labeled. Reflections from the room light, ceiling, and optical module are clearly visible.
The optical separators are structurally supported at the ends by POMs and constrained along the length of the segment by filament-based 3D-printed white PLA plastic supports, called pinwheels. The pinwheels are strung on a PTFE tube or acrylic rod for alignment. Slots are provided at regular intervals on the pinwheels for the optical separators to be inserted. With over 60% reflectivity and an overall PLA surface exposure of <1% to the active reflective area, the pinwheels are designed to maintain the high optical transport performance of the segments. The pinwheels are hollow to allow for in-situ radioactive source and optical calibrations between segments of the detector. The optical separators and pinwheels were designed to comprise ∼3% of the total mass fraction of the PROSPECT detector active volume.
Internal calibration
A key feature of the PROSPECT design is the ability to deploy calibration sources throughout the detector, along the segment length and between each detector segment, without altering any characteristic of the optical volume. This is achieved via PTFE tubes of 3/8 inch outer diameter and 1/4 inch inner diameter extending along the detector length inside the pinwheel supports. In PROSPECT-50, radioactive source deployment tubes have been installed between the two seg-ments, illustrated in Figure 2 . A thin timing belt with a source capsule on one end is driven through the calibration tube by a stepper motor through a feedthrough on the exterior aluminum tank. Compact γ-ray sources (4 mm diameter) are deployed into the detector for periodic energy calibrations and position scans to study detector response. Neutron calibration is performed outside of the detector volume in PROSPECT-50, although capsule-based neutron sources will be used in the PROSPECT detector.
The PROSPECT-50 optical calibration system (OCS) is based on a CAEN SP5601 LED pulse driver which provides a 5 ns wide, 405 nm wavelength light pulse of variable intensity [34] . Light is transported from the pulser to the midpoint of one of the supports between the two segments using an optical fiber encased in a PTFE sheath. In the center of the pinwheel is a diffusor sub-assembly designed to equally illuminate all adjacent segments. Calibration runs were performed triggering solely on the OCS to determine the gain of each PMT and measure the timing offsets between all four PMTs. Additionally, the LED driver was triggered at 20 Hz throughout operation to monitor the single photoelectron (PE) response of the PMTs and allow for correction of gain drifts. Figure 5 demonstrates the timing distribution of the LED pulses. The ETL and HPK PMTs have different average transit times, leading to timing offsets between segments. Small offsets from cable length differences and electronics delays are calibrated and accounted for in subsequent energy and position reconstructions. Distributions of recorded signal integrals from OCS-triggered events are shown for each PMT. The gain of each PMT was adjusted such that all single photoelectron peaks align at 60 ADC/PE. This conversion is used to determine the number of detected photoelectrons in the analysis described in Section 4. 
Shielding configuration
PROSPECT-50 is surrounded by a shielding package designed to reduce the two main sources of ambient backgrounds: local γ-ray activity and cosmogenic fast neutrons. To reduce the flux of ambient γ-rays from the environment, a 10 cm thick layer of lead surrounds the entire detector package, as shown in Figure 2 . Borated polyethylene is placed above the detector to shield downward-directed fast neutrons. The neutron shielding is split into two layers, 33 cm above the top lead shield and 10 cm between the lead and the detector. The inner neutron shielding reduces the flux of neutrons produced by spallation in the lead shield. This style of layered shielding material is based on the design of the shielding package for use by the PROSPECT detector at HFIR, established in Ref. [35] .
Data acquisition and environmental monitoring
Signals from the four PMTs are recorded by a CAEN V1725 waveform digitizer with 250 MS/s sampling frequency and 14 bit resolution [36] . The data acquisition system is triggered internally when both PMTs in a segment cross a set threshold. An acquisition window of 1.2 µs is collected for each trigger and recorded for off-line analysis. An external trigger is produced by the OCS pulser and results in the digitization of all four PMT signals regardless of occupancy.
Environmental conditions are continuously monitored by temperature, pressure, and humidity sensors. A ∼20 liter expansion volume above the liquid surface underneath the acrylic vessel lid is maintained with nitrogen cover gas throughout the lifetime of detector to prevent oxygen ingress that could degrade the scintillator performance.
An alarm system produces alerts when any of the parameters depart from the normal operating ranges.
Detector performance
Detector performance metrics were studied using radioactive sources positioned immediately outside of the detector ( 252 Cf) and internally ( 137 Cs) via the calibration system described in Section 3.3. Unless otherwise noted, the data below represent results from the segment with HPK PMTs, as the ETL segment was found to perform similarly. The data presented here were taken in the first months of detector operation.
Attenuation and position reconstruction
The light collection efficiency varies along the segment length due to bulk attenuation of the 6 LiLS, imperfect reflective surfaces, and other geometric effects. These combined losses will be referred to as the effective attenuation of the scintillator. To quantify this variation, the 137 Cs γ-ray source was deployed in increments of 10 cm along the segment (with 0 cm indicating the center). Figure 6 illustrates the collected photoelectron response for one PMT in the segment where the number of detected photoelectrons increases as the source approaches the PMT face. The maximum of the Compton spectrum extracted for individual PMTs (Right PMT, Left PMT) and with the charge from the two PMTS added (Right + Left). Higher light collection is observed at the segment ends with the minimum at the segment center. Fitting both single-ended PMT collection curves with simple exponentials, Ae (−x/λ ) +C, gives an effective attenuation length of λ = 85±3 cm.
The non-uniformity in collection can be corrected by position-based reconstruction. The difference between signal arrival times in the two PMTs on each segment provides a strong measure of the interaction position. the segment length. The width of each distribution is due to variation of interaction sites for the uncollimated γ-rays. A linear reconstruction of the source position is observed solely using the timing metric. These measurements were used to develop a position reconstruction model based on a resolution-weighted average of the timing difference and log-ratio of charge for the two PMTs. 
Energy response
Scintillation from α + t pairs due to neutron captures on lithium (n, 6 Li) (∼0.55 MeV electron equivalent energy), the γ-ray due to neutron captures on hydrogen (n,H) (2.2 MeV), and the γ-ray from the decay of 137 Cs (0.662 MeV) are used to understand the 6 LiLS energy response. A positiondependent light collection efficiency has been applied to the data based on the above measurements. The resulting spectra, in photoelectrons, from 252 Cf and 137 Cs selecting on the three event types are shown in Figure 8 . The light collection efficiency for each event type was obtained by comparing the measured spectra to simulated response spectra (resolution smeared energy deposition spectra from Monte Carlo). The measured PE/MeV as a function of nominal energy for each event type for the two segments is also shown in Figure 8 . The average light collection is 850±20 PE/MeV. Figure 9 shows the (n, 6 Li) peak fit to a Gaussian to extract the resolution. The (n,H) and 137 Cs Compton edges were compared to simulation. Photon statistics are the dominant contribution to the width, followed by energy-independent geometric effects from the area mismatch between the square segment crosssection and round photocathode. Thus, the relative energy resolution of the 3 features are fit to the function σ = a 2 + b 2 /E where a represents the geometric term and b the photon statistics term. The result is σ = 4.0±0.2% at 1 MeV. 
Neutron characterization
A 252 Cf neutron source positioned 1 m from the center of PROSPECT-50 is used to study PSD performance and measure the neutron capture time in the 6 LiLS. As specified in Equation 2.1, Q f ull in PROSPECT-50 is defined by an integration window from 12 ns before to 120 ns after the half-height of the waveform's leading edge and Q tail as the charge integrated 40 ns to 120 ns after the leading edge half-height. PSD projections, as illustrated in Figure 11 , show the quality of separation between event types for "prompt-like" [1 < E(MeV) < 3] as a substitute for IBD prompt positron events and the "delaylike" neutron capture [0.4 < E(MeV) < 0.7] region of the spectrum. The separation figure-of-merit (FOM) is defined as
where µ 1 , µ 2 represent the means of the electronic and nuclear recoil distributions, respectively, and FW HM 1 , FW HM 2 the full-width-half-maximum of the corresponding distribution. Here, both the prompt and delay PSDs exhibit FOM = 1.5, satisfying the PROSPECT requirement of FOM >1.
By identifying proton recoils that occur in a 300 µs window before a delayed neutron capture on 6 Li, the characteristic neutron capture time (τ) was measured for the PROSPECT-50 detector. The results are shown in Figure 12 . Fit with a simple exponential, Ae (−t/τ) + C, we obtain τ = 42.8±0.2 µs. 
Long-term stability
The PROSPECT-50 detector was filled in July 2017 and has operated nearly continuously, providing a long term stability measure of a full production PROSPECT detector system. Multiple calibrations have been performed and the PMT gains have been monitored using the OCS discussed in Section 3.3. A mean single photoelectron value for each PMT is extracted from a fit of ambient background runs. A sliding-window smoothing is applied to these data to reduce variation and produce a time-dependent gain correction for each PMT 2 .
The scintillator light yield and attenuation length are tracked separately over time using the point-like energy deposition from neutron captures on 6 Li. Events are selected by their relative timing to have occurred either 'near' or 'far' from one of the PMTs. A 2 ns wide window selects events within ∼20 cm of the segment end. The light yield of the scintillator is strongly correlated with the near-field collection, while the ratio of the far-field to near-field response to neutron captures provides a measure of the effective attenuation. Figure 13 shows the measured far-to-near ratio for all four PMTs. This ratio has varied by approximately 3% for each cell over seven months of observation. Fitted (n, 6 Li) capture peak locations for events near to each PMT, normalized to the first data-point and corrected for PMT gain-drift. Figure 13 shows the relative fitted peak location of (n, 6 Li) for events located near each PMT. A 15% decrease in the light collection is observed, consistent across all PMTs 3 . A corresponding decrease in the fraction of late-light (Q tail ) of signals has also been observed. These two effects are strong indicators of oxygen quenching [27, 28] and no external environmental variables were found to be correlated with the data. In September 2017 the detector enclosure was opened and a sample of 6 LiLS was removed. Measurements of this sample's light yield were made before and after bubbling with nitrogen. A ∼10% increase in light output was observed along with an increase in the Q tail fraction. This implicates oxygen quenching as a likely explanation for the reduced light yield in PROSPECT-50. Due to the design of this prototype, PROSPECT-50 was filled with scintillator without the secondary containment lid sealed. Though an increased flow of cover gas was employed, it is believed that insufficient purging may have contributed to oxygen quenching of the scintillator. This, combined with possible outgassing of the acrylic support structure, has produced a non-optimal environment for the 6 LiLS. Despite this reduction of light collection, PROSPECT-50 maintains a PSD figure of merit greater than 1.0 and an energy resolution below 4.5% at 1 MeV.
Conclusions
Using a full-scale prototype for PROSPECT we have demonstrated the performance of a segmented 6 Li-loaded liquid scintillator detector. We measure an excellent light collection of 850±20 PE/MeV and energy resolution of σ = 4.0±0.2% at 1 MeV with two 117.6×14.5×14.5 cm 3 detector segments. The ability to efficiently separate high dE/dx (electronic recoil) and low dE/dx (nuclear recoil) depositions and distinguish neutron captures on 6 Li is demonstrated. The effective scintillation attenuation length, position reconstruction, and neutron capture time are also measured in this geometry. The long-term stability of the scintillator has been monitored and the observations are consistent with oxygen quenching. The presented results meet the specifications for identifying neutrino events and rejecting backgrounds for the PROSPECT experiment and may have significant value in other applications, such as efficient neutron detection.
